We have theoretically investigated the effects of polarizer and analyzer imperfections in a phase-modulated spectroscopic ellipsometer adopting a photoelastic modulator. Jones matrices having off-diagonal elements have been introduced to represent the imperfections of the polarizer and analyzer, and the effects of the imperfections were analytically derived to the first-order approximation. It was found that the effects of the imperfections could be completely eliminated by the zone average. Also, the effects of an incorrect setting of the modulation amplitude were found to be largely reduced by the zone average.
I. INTRODUCTION
Recently, spectroscopic ellipsometry has been attracting wide attention as an optical and structural characterization method of materials. Two types of spectroscopic ellipsometers are widely used, phase-modulated spectroscopic ellipsometers ͑PMSEs͒ adopting photoelastic modulators ͑PEMs͒ 1 and rotating-polarizer spectrometric ellipsometers. [2] [3] [4] The error analyses in spectroscopic ellipsometers are very important in achieving accurate measurements. The systematic errors in rotating-analyzer and polarizer ellipsometers have been extensively studied by several investigators, 2, 5, 6 considering various kinds of errors, such as imperfections of the polarizer, analyzer, 7 compensator, 8 and cell windows, 9, 10 and incorrect azimuthal angles. 9 However, most studies for errors in PMSE were limited to the imperfections of a modulator itself and misalignment of optical components, [11] [12] [13] [14] [15] but no intensive studies about the effects of the polarizer and analyzer imperfections have been reported. In this paper, we describe the effects of the polarizer and analyzer imperfections with Jones matrices having offdiagonal elements and show that the zone-averaged method could remove the errors originated from the polarizer and analyzer imperfections within the first-order approximation.
II. THEORETICAL CONSIDERATION
The schematic configuration of a phase-modulated spectroscopic ellipsometer investigated in this study is depicted in Fig. 1 . Details of the apparatus will be published elsewhere. 16 We first consider the case for which the optical elements of the polarizer and analyzer are assumed to be perfect in their functional operations and alignment. Jones matrices for the perfect optical elements are given by
Here, P, A, S, and M represent Jones matrices for a polarizer, analyzer, sample, and photoelastic modulator, respectively, and ␦ is the retardation amplitude of the PEM. The ␦ is given by ␦ϭ␦ 0 sin t, where is the modulation frequency of the PEM. The matrices in Eq. ͑1͒ are described using linearly polarized basis vectors. The light intensity I detected in a photomultiplier tube ͑PMT͒ can be written by a sequence of matrices multiplications as follows:
Here, E f is the electric field of the light detected in the PMT, E i is the electric field of the light from the light source, and R is a 2ϫ2 rotation matrix. The angles between the x axis normal to the plane of incidence and the principal axes of the polarizer, the analyzer, and the PEM, are denoted by p, a, and m, respectively. Eq. ͑3͒ can be rearranged as follows:
where J 0 , J 1 , and J 2 are the zeroth, first, and second Bessel functions. Here, A and B are constants determined by a careful calibration process. If one chose ␦ 0 to satisfy J 0 (␦ 0 ) ϭ0, the ratios of I()/I(0) and I(2)/I(0) are related to the ellipsometric parameters as follows: I(0) . Now, we treat the case for the imperfect polarizer and analyzer. In this case, Jones matrices might be represented as follows:
͑7͒
Here 
͑12͒
In the above equations, the subscripts r and i stand for the real and the imaginary parts of ␣ i and ␤ i , respectively. Then, using the properties of the Bessel functions one could obtain the ratios of I()/I(0) and I(2)/I(0) in each configuration as follows:
In configuration ͑a͒,
Schematic diagram of a phase-modulated spectrometric ellipsometer system employing a photoelastic modulator, and sheet-type polarizer and analyzer.
In configuration ͑b͒,
In configuration ͑c͒,
In configuration ͑d͒,
The first terms in the above equations reflect the situation for a perfect polarizer and analyzer and the E i () and E i (2) terms, where, iϭaϳd, caused by the imperfections of the polarizer and analyzer are expressed as follows: ͓1ϩJ 0 ͑ ␦ 0 ͒cos 2⌿͔
. ͑24͒
It is very interesting to note from Eqs. ͑13͒-͑20͒ that the signs of the first terms in the equations of I()/I(0) are opposite, but those of the remaining terms are the same as each other between configurations ͑a͒ and ͑c͒, and ͑b͒ and ͑d͒. Contrastingly, the signs of the first terms in the equations of I(2)/I(0) are the same, but those of the remaining terms are opposite each other between configurations ͑a͒ and ͑c͒, and ͑b͒ and ͑d͒. Utilizing these facts, we take the zone average as follows: 
